/K
ϩ ATPase in gastric parietal cells from mice. Am J Physiol Gastrointest Liver Physiol 304: G157-G166, 2013. First published November 15, 2012; doi:10.1152/ajpgi.00346.2012.-Gastric acid secretion by the H ϩ -K ϩ -ATPase at the apical surface of activated parietal cells requires luminal K ϩ provided by the KCNQ1/KCNE2 K ϩ channel. However, little is known about the trafficking and relative spatial distribution of KCNQ1 and H ϩ -K ϩ -ATPase in resting and activated parietal cells and the capacity of KCNQ1 to control acid secretion. Here we show that inhibition of KCNQ1 activity quickly curtails gastric acid secretion in vivo, even when the H ϩ -K ϩ -ATPase is permanently anchored in the apical membrane, demonstrating a key role of the K ϩ channel in controlling acid secretion. Threedimensional imaging analysis of isolated mouse gastric units revealed that the majority of KCNQ1 resides in an intracytoplasmic, Rab11-positive compartment in resting parietal cells, distinct from H ϩ -K ϩ -ATPase-enriched tubulovesicles. Upon activation, there was a significant redistribution of H ϩ -K ϩ -ATPase and KCNQ1 from intracytoplasmic compartments to the apical secretory canaliculi. Significantly, high Förster resonance energy transfer was detected between H ϩ -K ϩ -ATPase and KCNQ1 in activated, but not resting, parietal cells. These findings demonstrate that H ϩ -K ϩ -ATPase and KCNQ1 reside in independent intracytoplasmic membrane compartments, or membrane domains, and upon activation of parietal cells, both membrane proteins are transported, possibly via Rab11-positive recycling endosomes, to apical membranes, where the two molecules are closely physically opposed. In addition, these studies indicate that acid secretion is regulated by independent trafficking of KCNQ1 and H ϩ -K ϩ -ATPase.
gastric acid secretion; H ϩ -K ϩ -ATPase; potassium channel; membrane trafficking; fluorescence lifetime imaging microscopy-Förster resonance energy transfer; three-dimensional reconstruction THE ACID-SECRETING ACTIVITY of parietal cells is hormonally regulated (9) . Parietal cells contain a number of ion pumps and channels that facilitate transport of H ϩ across the apical membrane. The central player is the gastric H ϩ -K ϩ -ATPase, which is composed of two subunits, ␣ (H/K␣) and ␤ (H/K␤). The H ϩ -K ϩ -ATPase absolutely requires luminal K ϩ , supplied by apical K ϩ channels, to transport H ϩ across the apical membrane (13, 28, 33) .
The H ϩ -K ϩ -ATPase is embedded in an extensive network of secretory membranes that are a dominant feature of parietal cells. These membranes are present in two forms: tubulovesicles and invaginations of the apical plasma membrane, termed secretory canaliculi (8, 9) . When parietal cells receive an activation signal, the inactive H ϩ -K ϩ -ATPase is transported from the tubulovesicles to the secretory canaliculi, whereupon it becomes active. Upon removal of activation signals, the H ϩ -K ϩ -ATPase is endocytosed to tubulovesicles. The cytoplasmic domain of H/K␤ contains a tyrosine residue at position 20 (Y20) that is part of a putative adapter protein 2 (AP-2) endocytosis consensus signal (27) . Previously, by producing mice (Atp4b-Y20A mice) in which Y20 of H/K␤ was replaced by alanine, we demonstrated that Y20 was involved in H ϩ -K ϩ -ATPase trafficking and formation of tubulovesicles in parietal cells (25) . We found that parietal cells from the Atp4b-Y20A mice had secretory canaliculi but lacked the tubulovesicular membrane compartment, indicating that Y20 in the H/K␤ is essential for the genesis of tubulovesicles. As the H ϩ -K ϩ -ATPase remains anchored in the apical secretory canaliculi in resting parietal cells of the Atp4b-Y20A mice, these mice could be used to directly investigate whether trafficking of the H ϩ -K ϩ -ATPase is required for control of acid secretion. We found that gastric acid secretion in Atp4b-Y20A mice was able to be regulated, indicating that trafficking of the H ϩ -K ϩ -ATPase is not the sole requirement for regulation of acid secretion and implying that other processes, such as regulation of K ϩ and Cl Ϫ channel activities, are likely to be important (25) .
Parietal cell luminal K ϩ requires transport by K ϩ channels. A number of K ϩ channel molecules have been implicated in supplying luminal K ϩ to the H ϩ -K ϩ -ATPase; however, many studies have shown a dominant role for the KCNQ1-KCNE2 heterodimer (6, 13, 14, 18, 20, 28, 33) , also known as KvLQT1 and Kv7 (17, 30, 31) . KCNQ1 belongs to a family of voltagegated K ϩ ␣-subunit proteins. KCNQ-KCNE complexes act as K ϩ channels in many tissues and have important physiological functions, including shaping cardiac potential and controlling salt homeostasis in epithelial layers (16) . Cellular distribution of KCNQ1 in the gastric mucosa in various species has been reported to be restricted to parietal cells, and KCNQ1 has been reported to be located in H ϩ -K ϩ -ATPase-rich tubulovesicles and secretory canaliculi (6, 13, 14, 18, 20, 21, 28, 29) .
Fluorescence-based immunolocalization studies have suggested partial colocalization of the KCNQ1 K ϩ channel and the H ϩ -K ϩ -ATPase in subcellular locations in parietal cells (6, 13, 14, 18, 20, 28) . In cultured parietal cells, low levels of KCNQ1 have been reported to be translocated to the apical membrane on stimulation (18) , although other reports analyzing sections of the gastric mucosa could not detect changes in trafficking of KCNQ1 after activation (14) . These studies on the localization of KCNQ1 have been difficult to interpret because of the relatively low resolution of light microscopy, the analysis of single optical sections, and the very high abundance of the H ϩ -K ϩ -ATPase located in tubulovesicles that occupy nearly all the cytoplasm of parietal cells in wildtype mice. In this study, we have isolated mouse gastric units (glands) and analyzed the distribution of KCNQ1 and H ϩ -K ϩ -ATPase in resting and activated parietal cells within the intact unit to ensure that epithelial polarity is maintained. We have performed three-dimensional (3D) reconstruction and quantitative analyses of optical sections of parietal cells within isolated gastric units to determine the spatial distribution of membrane components within the entire cell. By exploitation of our Atp4b-Y20A mice, the spatial distribution and localization of KCNQ1 relative to other membrane compartments revealed that KCNQ1 can traffic independently of the H ϩ -K ϩ -ATPase and is efficiently translocated to the apical surface of parietal cells upon activation.
MATERIALS AND METHODS
Reagents. All reagents were analytical grade and purchased from major chemical suppliers unless otherwise specified.
Mice. All mice were housed under specific pathogen-free conditions at the Bio21 Molecular Science and Biotechnology Institute animal facility. Appropriate ethics approval was acquired from the Animal Ethics Committee at the University of Melbourne. Atp4b-Y20A mice are described elsewhere (25) . Two-to 3-mo-old mice were used in all experiments. Prior to analyses, all mice were fasted overnight with free access to water.
Immunostaining. Gastric units were isolated and stained by indirect immunofluorescence, as described previously (11), using rabbit antisera against H/K␣ [␣C2 (32), 1:200 dilution], mouse anti-Rab11 (BD Transduction Laboratories; 1:100 dilution), or goat anti-KCNQ1 (Santa Cruz Biotechnology; 1:200 dilution) antibody or phalloidin-FITC (Sigma; 1:800 dilution). Bound antibody was detected with donkey anti-rabbit Alexa Fluor 647, donkey anti-mouse IgG-Alexa Fluor 488, or donkey anti-goat IgG-Alexa Fluor 568 (Molecular Probes; 1:500 dilution) conjugate. Sequential capture of z series was accomplished with a Leica TCS SP2 confocal microscope (HCX PL APO ϫ100/1.40 -0.70 oil objective) and a z-axis step of 0.4 m; 16-bit images were saved at 1,024 ϫ 1,024. Reconstruction of z series was carried out using Imaris version 6.3.1 (Bitplane) with smoothing (3 ϫ 3 ϫ 1 median filter) and background subtraction (10-m filter) from a maximum projection. The percentage of total volume colocalized between the individual channels was calculated using the colocalization module of Imaris. Significance was calculated using unpaired t-tests, with Ͼ30 cells from 2 mice in each group.
Gastric acid perfusion and titration. Gastric acid perfusion and titration were performed as described previously (25) . Briefly, mice were anesthetized and cannulas were placed in the trachea and stomach. Aliquots (400 l) of saline were injected into the stomach and collected every 15 min. The amount of acid was determined by titration with 10 mM NaOH (mol H ϩ /15 min). When required, mice received intraperitoneal injections of histamine (10 mg/kg in saline) or chromanol 293B (400 mol/kg in DMSO).
Fluorescence lifetime imaging microscopy-Förster resonance energy transfer. Fluorescence lifetime imaging microscopy (FLIM)-Förster resonance energy transfer (FRET) was conducted using a lifetime imaging attachment (Lambert Instruments, Leutingwolde, Netherlands) mounted on an inverted microscope (model TE2000U, Nikon) (5). Immunofluorescently labeled isolated gastric units were excited using epi-illumination with a modulated 470-nm light-emitting diode at 40 MHz and observed with a ϫ100 numerical aperture 1.25 oil objective (Plan-Fluor, Nikon) through a FITC filter set (model DM505, Nikon; 515-to 555-nm emission). The mean extent of lifetime quenching was estimated from the mean fluorescence lifetime (mean of the phase and modulation lifetimes) of the cells in the absence of acceptor and the mean fluorescence lifetime in the presence of acceptor.
The data from a two-state FRET system from cell populations can also be represented by an ab-plot analysis (4, 5) 
RESULTS

Gastric acid secretion is controlled by KCNQ1 activity in the absence of H
ϩ -K ϩ -ATPase trafficking. In previous work, we showed that parietal cells of Atp4b-Y20A mice are capable of regulating acid secretion in a manner typical of parietal cells from normal animals (25) . We thus hypothesized that acid secretion can be regulated by the biochemical control or trafficking of K ϩ channels in parietal cells. To explore this possibility, we have used the potent, specific KCNQ1 inhibitor chromanol 293B (14) to test the functional role of KCNQ1 in parietal cells of Atp4b-Y20A mice (Fig. 1) . Histamine treatment of wild-type or Atp4b-Y20A mice without chromanol 293B resulted in an increase in gastric acid secretion that reached a plateau within 45 min in both genotypes. However, when chromanol 293B was injected 15 min after histamine treatment, acid secretion in Atp4b-Y20A mice did not reach maximal levels and rapidly returned to baseline levels, as was the case in wild-type mice. This result further confirms that Fig. 1 . Chromanol 293B inhibits acid secretion. Anesthetized mice were treated with histamine or histamine followed by chromanol 293B or vehicle (DMSO), and amount of acid secreted into the stomach in 15-min intervals was determined.
KCNQ1 is the major supplier of apical K ϩ in parietal cells and supports the hypothesis that acid secretory activity can be directly controlled by the availability of K ϩ and is not solely dependent on trafficking of the H ϩ -K ϩ -ATPase. KCNQ1 is distributed in intracytoplasmic membranes of isolated parietal cells from wild-type mice. Parietal cells are complex large pyramidal-shaped cells with distinct apical membranes that can invaginate into the cytoplasm and numerous tightly packed cytoplasmic membrane compartments, the majority of which are tubulovesicles and mitochondria. As parietal cell shape and the distribution of cytoplasmic membranes are not uniform, visualization of the various membrane compartments in these cells requires detailed analysis to obtain an accurate view of protein distribution. In particular, images of single tissue sections do not show the complete spatial distribution of the various membrane compartments. To illustrate this issue, optical sections of isolated gastric units from a wild-type mouse were captured by confocal microscopy. Two optical sections, at different focal planes, of the same isolated gastric unit stained with antibodies to KCNQ1 and H ϩ -K ϩ -ATPase show a different spatial distribution of each protein ( Fig. 2A ). High concentrations of actin filaments underlie the secretory canalicular membranes, but not the tubulovesicles (26, 38) , so the actin-binding chemical phalloidin was used to visualize secretory canaliculi ( Fig. 2A) . The secretory canaliculi appear as discrete structures and do not appear continuous with each other or the apical membrane in the two optical sections. The amount of canalicular membranes also varies significantly between the two focal planes. H ϩ -K ϩ -ATPase staining is intense in the tubulovesicles throughout the cytoplasm. Similarly, KCNQ1 staining was observed throughout the cytoplasm but appeared less intense and more punctate than H ϩ -K ϩ -ATPase staining. The intensity, area, and overlap in staining of KCNQ1 and H ϩ -K ϩ -ATPase varied between the two focal planes, illustrating that images of single optical sections do not provide a representative view of different membrane compartments in parietal cells.
To better define the spatial distribution of membrane compartments in whole parietal cells, z series of immunolabeled isolated gastric units were captured by confocal microscopy and reconstructed (Fig. 2B) . We use the terms "apex" and "base" to define the regions of a parietal cell that face toward or away from the gland lumen, respectively (Fig. 2C) . Reconstructed z series of parietal cells from wild-type mice revealed that the secretory canalicular membrane is an interconnected tubular network emanating from the apex of parietal cells and is continuous with the apical membrane (see also the 3-D animation Supplemental Video S1 in Supplemental Material for this article, available online at the Journal website). H ϩ -K ϩ -ATPase staining is observed throughout parietal cells in tubulovesicles and the secretory canaliculi (Fig.  2B) . Membranes containing KCNQ1 show a distribution throughout the cytoplasm similar to that of tubulovesicles at the base and apex of parietal cells (Fig. 2B) . However, there was minimal staining in the secretory canaliculi. These reconstructed images provide a comprehensive view of the spatial distribution, orientation, and localization of KCNQ1, H that marks the secretory canalicular membrane (Fig. 3, A and  B) . There was a 4-fold increase in KCNQ1 to 32% and a 2.2-fold increase in H ϩ -K ϩ -ATPase to 42% localized in the secretory canaliculi in activated compared with resting parietal cells (Fig. 3, C and D KCNQ1 was also found throughout the cytoplasm of resting Atp4b-Y20A parietal cells (Fig. 4A) . As the mutant H ϩ -K ϩ -ATPase in Atp4b-Y20A mice is unable to be endocytosed from the secretory canaliculi (25) , H ϩ -K ϩ -ATPase staining was used as a marker for the secretory canaliculi. Similar to wild-type mice, a shift in the intracellular distribution of KCNQ1 from the cytoplasm to the secretory canaliculi was observed in activated gastric units from Atp4b-Y20A mice (Fig. 4B) . Overlap with H ϩ -K ϩ -ATPase was ϳ25% of KCNQ1 in the resting state and increased to Ͼ50% in activated cells. These results demonstrate that the K ϩ channel can traffic between an intracellular compartment and the secretory membranes in a regulated manner in the absence of tubulovesicles. Moreover, the data suggest that the K ϩ channel occupies a membrane compartment distinct from H
We also observed a similar distribution of KCNQ1 in sections of stomach tissue from Atp4b-Y20A mice (data not shown), indicating that the results reported above using isolated gastric units reflect the physiological situation. ϩ -ATPasecontaining membranes partially overlapped with Rab11-containing membranes (Fig. 5, A and B) . Upon quantitation, ϳ50% of the total volume of Rab11 staining was present in KCNQ1-containing membranes in resting parietal cells and increased to Ͼ80% in activated parietal cells (Fig. 5C) . Similarly, colocalization of Rab11 with the H ϩ -K ϩ -ATPase-containing secretory canaliculi was ϳ10% in resting Atp4b-Y20A parietal cells and increased to ϳ50% in activated parietal cells (Fig. 5D) . The increase in Rab11 colocalization with the H ϩ -K ϩ -ATPase, which is permanently anchored in the apical membranes of these cells, suggests that activation results in delivery of Rab11-positive membranes from the cytoplasm to the secretory membranes. In addition, these results indicate that the trafficking of KCNQ1 between cytoplasmic vesicles and the secretory canaliculi is via Rab11-containing recycling endosomes.
Rab11 redistributes to the apical secretory canaliculi in activated gastric units from
To further explore the relationship between Rab11 and apical membranes, high-magnification z series of a resting parietal cell from Atp4b-Y20A mice were reconstructed and presented as an animation (see Supplemental Video S1) to show the fine detail of the spatial orientation and distribution of KCNQ1, H ϩ -K ϩ -ATPase, and Rab11 in a parietal cell. Reconstructed images of a resting or activated parietal cell, with areas of colocalization highlighted in white, are shown in Fig. 6 . In resting parietal cells, the majority of Rab11-containing membranes (green) have a perinuclear distribution, whereas in activated cells, Rab11-containing vesicles appear congregated toward the apex of parietal cells (Fig. 6) . Partial overlap between Rab11 and KCNQ1 was observed in resting cells; in particular, the majority of perinuclear KCNQ1-containing structures contained Rab11. Upon activation of parietal cells, Rab11 appears to dramatically redistribute toward the cell apex (Fig. 6B) , and colocalization with KCNQ1 (Fig. 5C ) and H ϩ -K ϩ -ATPase (Fig. 5D ) is increased. These results suggest that Rab11 directs trafficking of KCNQ1 to domains of the secretory canaliculus found toward the apex of parietal cells.
is closely associated with KCNQ1 in activated gastric units. As secretion of H
ϩ by the H ϩ -K ϩ -ATPase is dependent on colocalization of the K ϩ channel in the apical secretory canaliculi, the control of acid secretion is likely to be dependent on trafficking of the K ϩ channel between the intracellular compartment and the apical membrane. However, it is unclear whether KCNQ1 and H ϩ -K ϩ -ATPase closely associate during acid secretion. To examine this, we conducted FRET-FLIM experiments. This experimental approach involves energy transfer from an excited-state donor fluorophore to a nearby acceptor fluorophore. The energy transfer efficiency is related to the distance separating a given donoracceptor pair. FRET efficiency falls off as the sixth power of the separation distance, so it is a sensitive method to detect proximity of molecules. The range of distance, 1-10 ϫ 10 and KCNQ1 was 3.0 ns (Fig. 7A) , identical to the lifetimes in cells labeled with donor only (data not shown), indicating that there is no FRET in resting cells. On the other hand, activated cells show a shift in average lifetime to 2.6 ns (Fig. 7A) . The data from a two-state FRET system from cell populations before and after activation can also be represented by ab-plot analysis (4) (Fig. 7B) . The ab-plot method, which transforms the measured phase and modulation lifetime into sine and cosine values that are represented as a two-dimensional histogram (4), makes no assumptions, involves no data fitting, and therefore is very accurate. A shorter lifetime is associated with a decrease in the phase and an increase in the modulation, resulting in a shift to smaller msinp values and large mcosp values. Each point in the ab plot represents an average donor lifetime of a single cell in the population and, thus, allows appreciation of how cell activation affects the donor lifetime in a cell population (Fig. 7B) . The ab-plot analysis of cells stained for H ϩ -K
ϩ -ATPase and KCNQ1 shows that the donor lifetime of activated cells is significantly shifted, relative to resting cells, toward a shorter lifetime. The linearity of the trajectory corresponding to the activated cells suggests that the heterogeneity in average lifetime values is due to different proportions of molecules in FRET and non-FRET states. A linear extrapolation of the ab-plot data reveals that the FRET states exhibit very short lifetimes and correspondingly high FRET efficiencies (Ͼ90%), because the ab-plot data intersect the x-axis near (1,0), which represents the maximum possible extent of lifetime quenching. The fractional fluorescence contribution of molecules in the FRET states can also be gleaned from the ab-plot data. With the center of the untreated cells' ab values to the value corresponding to 0% FRET and the intersection with the x-axis to 100% FRET, 19 -30% of fluorescence of activated cells is due to molecules in the FRET states. Therefore, the ab analysis indicates that KCNQ1 and H ϩ -K ϩ -ATPase are closely associated in activated, but not resting, parietal cells. These biochemical data strongly suggest that the two membrane proteins H ϩ -K ϩ -ATPase and KCNQ1 are spatially segregated in the resting cell and are then delivered to the same membrane domains of the secretory canaliculus following parietal cell activation.
DISCUSSION
Regulated trafficking of proteins is critical for a range of cellular and developmental processes, including organelle biogenesis, ion and glucose transport, processing and secretion of polypeptide precursors, and secretion of signaling proteins that regulate development (2, 10, 23, 37) . Control of K ϩ channel activity is a common feature in the regulation of many biological processes, including neuronal activity, hearing, epithelial homoeostasis in the gut and urinary tracts, and electrical activity in muscles. It is known that K ϩ channels can be controlled by biochemical means, but it is becoming clear that intracellular trafficking and changes to the intracellular localization of channels also regulate channel activity. For example, it was recently discovered that the surface expression of neuronal K ϩ channels is controlled by a process of regulated endocytosis (24) .
In this study we have defined the distribution of membrane compartments of gastric parietal cells and the localization of important functional and cargo molecules within intact mouse gastric units, where epithelial polarity is maintained. Although trafficking of the H ϩ -K ϩ -ATPase is considered essential in regulation of acid secretion, recycling of the K ϩ channel is also likely to be a key element in acid regulation. Using 3D reconstruction and a unique genetically manipulated Atp4b-Y20A mouse strain, we have been able to visualize a number of distinct membrane compartments in polarized parietal cells of the gastric units. KCNQ1, which is the predominant K ϩ channel that supplies K ϩ to the H ϩ -K ϩ -ATPase, was found in membrane structures and vesicles that were widespread throughout parietal cells in wild-type and Atp4b-Y20A mice, the latter being devoid of intracellular H ϩ -K ϩ -ATPase-rich tubulovesicles. As expected, some KCNQ1 is also located in the secretory canaliculi of resting parietal cells from Atp4b-Y20A and wild-type mice, as there is always a basal level of acid secretion. Furthermore, we were able to show a significant redistribution of total KCNQ1 from the intracellular compartment to the secretory canaliculus in activated parietal cells of mice from both genotypes, demonstrating that the intracellular pool of KCNQ1 is trafficked to the apical surface following stimulation. These data clearly demonstrate, at least for mouse parietal cells, that KCNQ1 resides in a membrane compartment distinct from tubulovesicles in Atp4b-Y20A mice and that KCNQ1 can traffic to the secretory canaliculi independently of H ϩ -K ϩ -ATPase-containing tubulovesicles. Transport of H ϩ across the parietal cell membrane is one of the most efficient ion transport systems known in nature and requires optimal placement of a number of ion transport proteins in the cell, including the H ϩ -K ϩ -ATPase and the KCNQ1 K ϩ channel. Previously, we showed that the well-characterized (14, 15, 36) . Thus the biochemical control and trafficking of KCNQ1 from intracellular compartments to the apical membrane may be required to provide the large amount of K ϩ required during maximal gastric acid secretion.
We have used the biophysical technique of FLIM-FRET to illustrate that the physical arrangement of the H Targeting sequences of KCNQ1 have been delineated in polarized cultured Madin-Darby canine kidney cells (17) . KCNQ1 contains two tyrosine-based motifs and one dileucine motif in the NH 2 -terminal cytoplasmic domain that could potentially direct trafficking and recycling. Mutating tyrosine 51 (Y51) of KCNQ1 resulted in localization of the protein to apical and basolateral membranes, rather than the predominantly apical distribution normally found in Madin-Darby canine kidney cells. Mutation of the dileucine motif at position 38/40 also resulted in the retention of KCNQ1 protein in an internal compartment distinct from the endoplasmic reticulum or Golgi that appeared to be associated with the endosomal compartments. Mutation of Y111 also resulted in KCNQ1 becoming trapped in an undefined internal compartment. The role of these motifs in endocytic events has not been determined. Seebohm et al. (30, 31) showed that, in Xenopus oocytes and COS7 cells, KCNQ1 complexes could be recycled to and from a Rab11-containing compartment in a regulated manner, suggesting a conserved mechanism for controlling the localization of KCNQ1. They also demonstrated that mutations in patients with long QT syndrome influenced the trafficking to and from the Rab11-containing compartment and that the serum-and glucocorticoid-inducible kinase was also involved in regulating trafficking. It will be of interest to determine if similar molecular mechanisms are at play in parietal cells.
Small GTPases of the Rab family act as molecular switches that coordinate many trafficking events in all cell types (34) . Rab11, which mediates endocytic recycling in the recycling endosome, is an abundant component of gastric microsomes and localizes to membrane structures in parietal cells (3, 7) and H ϩ -K ϩ -ATPase-containing tubulovesicles (12) . Furthermore, dominant-negative mutants of Rab11 inhibit trafficking of H ϩ -K ϩ -ATPase and acid secretion (7). Goldenring and colleagues (12) suggest that Rab11 is located on tubulovesicles and migrates to the secretory canaliculi upon stimulation. Here, we have clearly defined the distribution and localization of Rab11 in isolated gastric units from Atp4b-Y20A mice. The majority of Rab11 resides in a perinuclear membrane compartment oriented toward the apex of parietal cells and partially overlaps with KCNQ1-containing membranes. There was an increase in Rab11 colocalization with KCNQ1 and H ϩ -K ϩ -ATPase at the secretory canaliculi of activated parietal cells from Atp4b-Y20A mice; colocalization was predominantly near the apex, and not in the deeply invaginated secretory canaliculi. These data suggest that KCNQ1 and H ϩ -K ϩ -ATPase trafficked via Rab11-containing membranes are delivered to the secretory canaliculi toward the apex of parietal cells, where they closely associate and have better access to the gland lumen, for maximal rates of acid secretion. The observation that Rab11 is associated with the apical surface of activated parietal cells is consistent with the recent report that Rab11 directly regulates vesicle exocytosis at the plasma membrane in HeLa cells (35) .
We have defined the spatial distribution and localization of H ϩ -K ϩ -ATPase-rich tubulovesicles and secretory canaliculi, as well as Rab11-and KCNQ1-containing membranes in whole parietal cells in the mouse. The Rab11-containing compartment may well be akin to the recycling endosome found in other cell types. The KCNQ1 K ϩ channel defines a further compartment in parietal cells. The H ϩ -K ϩ -ATPase and KCNQ1 traffic to the apical secretory canaliculi via different, but partially overlapping, itineraries. It will be fascinating to further map the itinerary of these cargoes in parietal cells and to determine the signals and molecules that control their trafficking.
